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Abstract 
The migration effect, in addition to diffusion, occurring at an ion-selective field-effect transistor (ISFET)-based 
coulometric sensor-actuator system has been studied. A diffusion-migration model is presented, based on the 
numerical solution of the Nemst-Planck equations of which a digital simulation is realized. Corresponding experi- 
ments were carried out and compared with the simulation. The results are in good agreement with the simulation. 
Typical titration times of this system were found to be 0.5-10 s, corresponding to fully dissociated acid 
concentrations of 0.5 x lo-‘-6.5 x 10W3 mol 1-l with excess of supporting electrolyte. Both the simulation and 
experimental results show that if the concentration of the supporting electrolyte is 2 20 times higher than that of the 
species to be titrated, the deviation caused by migration is less than 5% and within the experimental error when pure 
diffusion is considered. At relatively low concentrations of supporting electrolyte, the migration effect should be taken 
into account to determine the concentrations of titrated species. 
Keywords: Ion-selective field-effect transistor; Migration effect 
The theoretical study of a coulometric sensor- (Fig. 1). The ISFET works as a fast pH sensor. By 
actuator system based on an ion-sensitive field-ef- coulometrically generating protons or hydroxyl 
feet transistor (ISFET) is a fundamental contribu- ions at the electrode, the local pH in the vicinity 
tion to the development of coulometric sensor-ac- of the ISFET can be changed or controlled, de- 
tuators and the application of these devices. The pending on the purpose of the application. For 
advantage of the integration of an ISFET and an example, when an acid-base titration is per- 
actuator is that it is possible to eliminate the formed [l], the electrode operates under current 
long-term drift of the ISFET by operating it in a control and the ISFET indicates the equivalence 
dynamic way and, as coulometry is an absolute point. By recording the time needed to reach the 
method, regular calibration is not necessary. For equivalence point, the concentration of base or 
the correct operation of the coulometric sensor- acid can thus be calculated. Another application 
actuator, it is of importance to understand fully of this sensor-actuator system is the construction 
the dynamic behaviour of the coulometric of a pH-static enzyme sensor [2]. In this instance, 
sensor-actuator system. the ISFET detects the pH change resulting from 
The coulometric sensor-actuator is made by the enzymatic reaction in the membrane which 
depositing a planar noble metal electrode on top covers the sensor-actuator. The output of the 
of an ISFET closely shaped around the gate area ISFET is fed into the computer, which controls 
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Fig. 1. (a) Top view and (b) cross-section of the coulometric 
sensor-actuator device. The active area of the actuator is 1 X 1 
mm2. 
the current flowing through the actuator. The re- 
sulting protons or hydroxyl ions thus generated 
can compensate the pH changes resulting from the 
enzymatic reaction in the membrane and keep the 
pH value in the membrane constant. As the ISFET 
in this application is used in a “static” mode, the 
sensor is sensitive to long-term drift, but the sys- 
tem is nevertheless superior to the usual open-loop 
operation of an ENFET. 
Although the ISFET-based coulometric 
sensor-actuator has been successfully used to de- 
termine acid or base concentrations [l], to form 
the heart of a carbon dioxide sensor [3] and a 
pH-static enzyme sensor [2], less attention has 
been paid to the theoretical aspects. Recently a 
theoretical model for this sensor-actuator system 
has been proposed, which describes the dynamic 
behaviour of the system when used in an acid-base 
titration [4]. The experimental results were found 
to be in agreement with the theoretical predict- 
ions. However, this model considered only the 
diffusion process and is valid only in the case 
when a relatively high concentration of supporting 
electrolyte is added to the solution and for the 
titration of a weak acid, because the supporting 
electrolyte increases the conductivity of the solu- 
tion and decreases the electrical field, so that the 
migration can be neglected and the mass transport 
is simplified to free diffusion (convection is as- 
sumed to be absent in the stagnant solution). The 
Sand equation [5] can then be used to predict the 
concentration profile of the species before it 
reaches zero concentration at the surface of the 
generating electrode. In some instances, however, 
the migration effect cannot be neglected. For ex- 
ample, when a titration is carried out in a fully 
dissociated acid or base in which the mobility of 
protons or hydroxyl ions is much higher than that 
of other ions and the concentration of supporting 
electrolyte is relatively low, a large error will result 
from the model if only the diffusion is taken into 
account. In order to estimate the deviation caused 
by migration, it is also necessary to specify the 
limiting value, set for the “excess” concentration 
of the supporting electrolyte. 
Considering both the diffusion and the migra- 
tion effects, it is first necessary to solve the 
Nernst-Planck equations. It has been proved to 
be a non-trivial task to find a rigorous analytical 
solution [6,7]. Some numerical solutions were pro- 
posed in the past [g-lo]. One of the earliest effi- 
cient numerical solutions for these coupled non- 
linear differential equations dates back to 1965 [8]. 
However, Mak and Cheh [ll] revealed that only a 
few studies concentrated on the galvanostatic sys- 
tem, most of the studies being carried out without 
experimental verification. In this work, the 
numerical solutions of the Nernst-Planck equa- 
tions were derived without referring to the Poisson 
equation and the migration effect occurring at an 
ISFET-based sensor-actuator coulometric system 
in the case of acid-base titration was studied. The 
corresponding experiments were also carried out 
and the results are compared with those of the 
numerical solution. 
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DIFFUSION-MIGRATION MODEL 
Theory 
The products generated at the surface of the 
actuator by the hydrolysis of water depend on the 
direction of the current; the electrode reactions 
are 
Cathode: 2H,O + 2e + 20H-+ H, 
Anode : 2H,O + 4H++ 4e + 0, 
The protons or hydroxyl ions generated react with 
the hydroxyl ions or protons, respectively, in the 
aqueous solution at the surface of the actuator, 
causing a decrease in the surface concentration of 
the reacted ions, which results in a chemical 
potential gradient. Mass transport then occurs be- 
cause of this chemical potential gradient. 
Mass transport is governed by the Nernst- 
Planck equations. Here only a one-dimensional 
model is considered in which the convection is 
assumed to be absent (stagnant solution). For 
linear mass transfer the Nemst-Planck equation is 
presented as follows: 
aqx, t) 
JI= -0, ax 
ZjF 
- mD,cj(x, t, 
WX? t) 
ax 
(1) 
where J, and C, are the flux and concentration, 
respectively, of species j, Dj and zj are the diffu- 
sion coefficient and the valence of species j, re- 
spectively, 3$/3x is the electric potential gradient 
and F, R and T have their usual meanings. 
Considering the conservation of material, the con- 
tinuity equation is given by 
ac,(x, t) a.+, t) 
at = - ax (2) 
Substituting Eqn. 1 into Eqn. 2 results in 
ac,(x, t) 
at 
= D, ac,(x, t) 
J’ ax2 
aCj(x, t) a+, t) 
ax ax 
ad(x, t) 
+cj(xy t)’ ax2 
1 
(3) 
This is the equation describing both the diffusion 
and the migration processes. The first term on the 
right-hand side of Eqn. 3 reflects the diffusion and 
the second the migration. It is hardly possible to 
obtain a rigorous analytical solution of this equa- 
tion, because i3+/ax and a2+/ax2 are caused by 
the displacement of all ions, so that they are 
dependent on the concentrations of all ions. This 
means that all equations which describe the be- 
haviour of ions are interdependent and that a 
groups of equations should be considered simulta- 
neously. In order to obtain a numerical solution 
the expression of 3$/8x in terms of C,(x, t) 
should be found. 
Because the current flow in the solution is 
carried by all charged species, during the electroly- 
sis the flux J, is equivalent to the current density 
carried by species j, which can be separated into 
diffusion and migration parts. The equation can 
be written as 
‘d,j 'm,j =-++ 
zj FA zj FA 
where A is the electrode area, Zj the current 
carried by species j and Zd,j and Z,,,j are the 
corresponding diffusion and migration parts of Z,. 
Comparing Eqn. 1 with Eqn. 4 results in 
‘dd,j - = Dj. aCj(x, t) 
zj FA 
ax 
Summing Eqns. 5 and 6 for all n species and 
rearranging them, the total diffusion and migra- 
tion currents are obtained: 
Id= CZd,j= FACZjDj. 
aC,(x, t) 
ax (7) 
” ” 
z = cz ,= F2A WX~ t) -. 
In m,/ RT ax ~z;DjCj(x, t) 
n n 
(8) 
Equations 7 and 8 represent the diffusion and 
migration current resulting from the displacement 
of all charged species. As the charge must be 
conserved, the sum of the diffusion and migration 
currents is equal to the external Faradaic current: 
Id + z, = z (9) 
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Combining Eqns. 7 and 8 with Eqn. 9 yields 
8+(x, t) = I/FA 
3X 
~lzt,Iujc/(x~ l) 
n 
- 
n~IzjIujC,(xv t, 
(10) 
n 
where u, = 1 z, 1 D,F/RT is the mobility of species 
j. 
Equation 10 is the expression of a$/ax for the 
multi-ion system. The first term on the right-hand 
side results from the conductance of the solution 
when current is flowing through it and the second 
term is caused by the concentration gradient due 
to the ion transport. Using Eqns. 3 and 10 to- 
gether with the given boundary and initial condi- 
tions, the numerical solution can be derived. 
Numerical solution 
The finite-difference form of Eqns. 3 and 10 
are as follows: 
C/(x, t + At) - Cj(x, t) 
At 
= 0,. [C/(x + Ax, t) - 2c,(x, t) 
+C,(x-Ax, t)][(Ax)*]-’ 
z, FDj 
-RT-.E(x, t) 
c,(x + Ax, t) - c,(x - Ax, t) 
2Ax 
z,FD, 
- RT. C/(X? t) 
E(X + Ax, t) - E(x - Ax, t) 
2Ax (11) 
and 
-E(x, t) = 
Z/FA 
CIz,Iu,C,(x7 t) 
n 
cz,D,[C,(x + Ax, t) - C,(x-Ax, t)] 
n 
2AxC I z,i I ujCj(x, t) 
n 
(12) 
where E(x, t) = - 3+(x, t)/ax is the electrical 
field. 
The electrical field gradient a*+/ax* and con- 
centration gradient %,/ax are expressed as 
8*+(x, t) = AE(x, t) 
ax* - Ax 
= E(x+Ax, t)-E(x-Ax, t) - 
28x 
and 
X,(x, t) Cj(x + Ax) - C(x - Ax) 
ax = 2Ax 
When x = xk = k Ax (k = 1, 2,. . .), the prime 
(‘) denotes the time level ti+l, and C,(k) is the 
concentration value of species j at x = x,_ then 
the numerical equations for Eqns. 11 and 12 be- 
come 
C,(k)‘= C,(k) + y[q.(k+ 1) -2C,(k) 
+C,(k- l)] 
+XjE(k)[C,(k+l)-C,(k-l)] 
+xjC,(k)[E(k+l)-E(k-l)] 
(13) 
and 
CzjD,[q(k+l)-C,(k-l)] 
n 
26xX 1 zj 1 ujCj( k) 
n 
(14 
where 
D,At 
w, = - 
z,FDj At 
(Ax)2 
and ‘,= - 2RTAx 
At this point the initial and boundary condi- 
tions have to be considered. Before electrolysis, 
the solutes are homogeneously distributed. The 
concentrations at the electrode surface equal the 
bulk concentrations, so the initial equation is 
C/(X> t) It=0 = C,,b”lk (15) 
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As the flux is equivalent to the current density 
at the electrode, the boundary equation is ob- 
tained from Eqn. 1: 
JI Ix=o= -Dj. 
aqxt t) zjF 
ax 
x=0 
- RT. DjC/(XI t) 
ad+, 1) = !i’ -- 
ax x=0 FA 
(16) 
where S, is the stoichiometric coefficient with 
respect to the chemical reaction. For the cathodic 
electrolysis of water at a noble metal electrode, 
S ou = 1 and for other ions Sj = 0. 
For the sake of accuracy, an image point is 
introduced at the x = 0 point, where the respective 
concentration is C( - 1). The corresponding 
numerical form of the boundary equation is 
c,‘(-‘) = ‘,(l) - 
2SjI Ax 2zjF Ax 
FD 
J 
+ RT 
’ cj(o)E(o) (17) 
where 
-E(o) = c, zy;cJ(o) 
” 
Cz~D~[C~(l)-C,(-l)] 
n 
- 
2AxC IzJ I uJC,(O) 
n 
As the reaction of protons and hydroxyl ions 
occurs simultaneously during the diffusion and 
migration processes, after each iteration step the 
equilibrium has to be re-established. The equation 
is 
Cz(k)C;;(k) = K, 
C?(k) - c;;(k) = C,(k) - Co,(k) 1 
(18) 
where Cz and CA& are the concentrations of 
protons and hydroxyl ions after equilibrium is 
established. Solving this equation yields 
CZ(k) =0.5(C,(k) - C,,(k) 
+/L(k) - c,&N2 + 4G) 
i 
(19) 
CA%(k) = C~(k)/z& 
Using Eqns. 13, 14, the initial eqn. 15 and the 
boundary eqn. 17, together with equilibrium Eqn. 
19, the simulation can be realized. Either the con- 
centration profiles of all ions at any given time or 
the concentration changes at any given distance 
from the actuator electrode can be determined. 
The corresponding pH change and the titration 
time r,, to reach the equivalence point can also be 
calculated. As the equivalence point is detected by 
the ISFET, the gate of which is ca. 20 pm away 
from the actuator electrode, the concentration and 
pH changes of interest will be focused on the gate 
surface of the ISFET in the simulation. For a 
titration of the fully dissociated acid, when the 
calculated pH at the gate surface of the ISFET 
reaches 7, t,, is determined. 
From the diffusion model proposed [4], it is 
found that faq/’ can be expressed as an approxi- 
mately linear function of the concentration of the 
species to, be titrated. Consequently, the same 
expression will be adopted in this paper. 
EXPERIMENTAL 
Device 
The construction of the sensor-actuator device 
has been described previously [12]. The ISFET 
was fabricated using a standard NMOS technique 
[13] with a tantalum pentoxide film as a sensing 
layer. A 0.3-pm platinum film was deposited on 
top of the ISFET chip around the gate area as a 
planar generating electrode (actuator). Between 
the tantalum pentoxide and the platinum there is 
a thin layer of titanium to improve the adhesion. 
Polyimide was used as a passivation layer to pro- 
tect the device and leave a photolithographically 
defined l-mm2 window to expose the sensor to the 
solution, determining the desired active area of the 
generating electrode. The device is shown sche- 
matically in Fig. 1. 
Two sensor-actuator devices were glued on a 
single printed circuit board and encapsulated with 
epoxy resin. On the reverse side of the board there 
is a copper strip with a deposited gold film on the 
surface, serving as the counter electrode. 
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Fig. 2. Measurement set-up for coulometric titration. 
Measurement set-up 
The measurement set-up is shown in Fig. 2. The 
measurements were carried out in a differential 
mode. One of the advantages of this operating 
mode is that it is possible to use a simple platinum 
wire as a pseudo-reference electrode instead of a 
normal liquid-filled reference electrode. In this 
specific case the actuator electrode of the second 
(reference) device serves as the pseudo-reference 
electrode. In this way, the influence of salt leakage 
from the liquid-filled reference electrode, which 
might change the concentration of the supporting 
300 - 
‘I 
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’ I 
2 
200 - I------ 
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’ I 
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O- 
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Fig. 3. Typical registration of the coulometric titration curve 
(solid line) and the first derivative (dashed line). [HNO,] = 3 
mM; [KN03] = 100 mM; titration time = 1.98 s. 
electrolyte during the measurement, is also 
avoided. The differential output of the amplifier 
was sampled by a computer and displayed on a 
cathode-ray tube. The equivalence point was easily 
detected from the first derivative of the output by 
calculating the time needed to reach the maxi- 
mum. A typical recording of a coulometric titra- 
tion is shown in Fig. 3. 
Nitric acid was titrated in a 25-ml vessel with 
potassium nitrate as the supporting electrolyte. A 
constant current density of 20 PA mmW2 was used 
through all the experiments if not specified other- 
wise. After each measurement a reversed current 
was sent through the electrode and the solution 
was stirred to let it become homogeneous in the 
proximity of the electrode surface. After stirring 
there was a 1-min pause before the next measure- 
ment started in order to eliminate the effect of 
convection. It was found that the time needed to 
reach the equivalence point was reproducible 
within the experimental accuracy for a fixed acid 
concentration after a pause of > 30 s. 
Simulation 
The simulation was realized with a personal 
computer using PASCAL. The actual distance of 
ca. 20 pm between the gate of the ISFET and the 
actuator electrode was accepted in the simulation. 
The current density was set at the same value as 
used in the experiments, normally 20 /.LA mmp2. 
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RESULTS AND DISCUSSION 
The typical titration times required to reach the 
equivalence point t,, were found to be 0.5-10 s, 
the corresponding titrated nitric acid concentra- 
tions being 0.5 x 10e3-6.5 x lop3 mol 1-l with 
high concentrations of supporting electrolyte. If 
the titration is performed at a relatively low con- 
centration of the supporting electrolyte, the elec- 
trical field caused by both the flow of the current 
and the concentration gradient of ions will en- 
hance the transport of the Hf ions from the bulk 
solution towards the actuator electrode. Hence, 
when the migration effect is taken into account, 
the titration time t,, should be longer than the 
time found if only diffusion is considered. 
Figure 4 shows tt4/’ as a function ‘of titrated 
acid in different concentrations of supporting 
electrolyte from both the simulation and the ex- 
perimental results. As expected, the titration time 
increases when the concentration of supporting 
electrolyte decreases. Also, the curves gradually 
bend upwards and depart from the linear relation- 
ship for the pure diffusion at lower concentrations 
of supporting electrolyte; both the simulation and 
the experimental results show the same trend. The 
curvature is more pronounced at the intermediate 
concentration of supporting electrolyte (curve 2), 
0.00 ’ I 
0 1 2 3 4 5 
Concentration of HNOs (mM) 
Fig. 4. Square root of titration time as a function of nitric acid 
concentration from the simulations (lines) and experiments 
(symbols). Line 1 and A, [KNO,] =1 mM; line 2 and n , 
[KNO,] =lO mM; line 3 and 0, [KNO,] =lOO mM; line 4, 
diffusion only. 
01.'.'.'.'. J 
0 20 40 60 80 100 
Concentration of KNO:, (mM) 
Fig. 5. Influence of the supporting electrolyte. Results from 
simulations (lines; dashed lines indicate pure diffusion) and 
experiments (symbols). Line 1 and l , [HNO,] = 1 mM; line 2 
and n , [HNO,] = 2 mM; line 3 and A [HNO,] = 3 mM; line 4 
and + , [HNO,] = 4 mM. 
which corresponds to comparable concentrations 
of supporting electrolyte and electroactive species. 
This implies that the approximately linear rela- 
tionship between ta,/ and the concentration of the 
species can be found if either the diffusion or the 
migration dominates the mass transport. 
As noted, there is a slight difference between 
the simulation and experimental results, the ex- 
perimental plot being more curved than that of 
the simulation. The explanation for this difference 
is possibly that edge effects contribute to the 
experimental deviation, because the gate of the 
ISFET is located near the edge of the electrode, 
where the current density is inhomogeneously dis- 
tributed. Nevertheless, the experimental results are 
still in fairly good agreement with the theoretical 
predictions. 
If the concentration of the electroactive species 
is fixed and that of the supporting electrolyte is 
changed as a variable, the migration effects can be 
seen more clearly. Figure 5 shows the simulation 
and experimental results, illustrating the influence 
of the supporting electrolyte. The experiment is 
also in good agreement with the simulation. It can 
be seen from both the simulation and the experi- 
ment that if the concentration of supporting elec- 
trolyte is decreased to approximate that of the 
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electro-active species, the titration time to reach 
the equivalence point, req, is substantially in- 
creased, which means that not only the diffusion 
but also the migration contribute to the mass 
transport of ions. Obviously, it would cause a 
large deviation if only the diffusion process were 
considered in this instance. 
From the above results it can be concluded that 
if the concentration of the supporting electrolyte 
is sufficiently high, the migration contributes only 
slightly to the mass transport of ions and can be 
neglected. The minimum concentration of the sup- 
porting electrolyte required to eliminate the 
migration effects is determined by the required 
accuracy. When the deviation of ta4/’ between the 
pure diffusion process and both the diffusion and 
the migration process is calculated from the simu- 
lation results, it is found that if the concentration 
of the supporting electrolyte is 2 20 times higher 
than that of the electroactive species, the mass 
transport can be regarded as a pure diffusion; the 
deviation caused by migration is less than 5%, as 
can be deduced from curve 2 in Fig. 6, which 
shows the simulated deviation for different con- 
centration ratios. This is considered to be accepta- 
ble, because it was found from the experiments 
0 I 
6 
2 
____________________-- 
4- 1 
______________________ 
0 2 4 6 0 
Concentration of HNO, (mM) 
Fig. 6. Deviation of the square root of the titration time 
between the pure diffusion and diffusion-migration model vs. 
concentration of nitric acid, as obtained from the simulation. 
Concentration ratios of KNO, to HNO, are (1) 30 : 1, (2) 20: 1 
and (3) 10: 1. 
that a deviation of < 5% is within the experimen- 
tal error. The deviation, Dev., from simulation 
results is calculated as follows: 
Dev = It:‘” - C’I . looy 
l/2 
0 
td 
(20) 
where t, is the titration time to reach the equiv- 
alence point if only the diffusion is considered and 
tm reflects the case when both diffusion and 
migration are considered. 
It has been noted that the deviation caused by 
migration is dependent not only on the concentra- 
tion ratio of the supporting electrolyte to the 
electroactive species, but also on the time needed 
to reach the equivalence point, which is de- 
termined by the acid-base concentration and the 
generating current density, because the accumula- 
tion of the deviation caused by migration becomes 
larger for a longer titration time. From the calcu- 
lated deviation shown in Fig. 6, it is found that t,, 
increases with increasing concentration of the 
electroactive species. 
It should also be noted that in most of the 
literature, it was only indicated that the trans- 
ference number could not be directly used to 
estimate the migration effect while diffusion oc- 
curs [11,14], There was no proper parameter given 
to estimate quantitatively the deviation caused by 
migration. The extent of the migration effect was 
often shown in the form of the initial migration 
flux calculated from the transference number at 
the beginning of the electrolysis [5,11]. The reason 
is that at the beginning of the electrolysis there is 
no concentration gradient, whereas the migration 
flux is at its maximum value, and can thus easily 
be calculated via the transference number. How- 
ever, with the initial flux deviation, the final devia- 
tion caused by migration still cannot be predicted. 
Although the migration flux in the following 
transport process continuously decreases and is 
smaller than the initial value, as the titration time 
increases, the small deviation will accumulate in a 
large difference. Figure 6 shows an increase in the 
deviation with increasing species concentration. 
Hence, the time needed to reach the equivalence 
point, determined by the acid or base concentra- 
tion and the generating current density, must also 
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Fig. 7. Relationship between the square root of the titration 
time and the inverse of the current density. Results obtained 
from simulations (lines) and experiments (symbols). [HNO,] = 
2 mM. Line 1 and A, [KNOs] = 1 mM; line 2 and H, [KNO,] = 
10 mM; line 3 and 0, [KNO,] =lOO mM; line 4, diffusion 
only. 
be considered when estimating the deviation 
caused by migration. 
The relationship between tiq/’ and the inverse 
of the generating current density was found to be 
linear even considering the migration effect. The 
results obtained from the simulation and experi- 
ment are shown in Fig. 7. It has been reported [ll] 
that, based on the theoretical analysis, a similar 
linear relationship exists between the transition 
time and the current density in galvanostatic chro- 
nopotential analysis with migration included. Our 
simulation, supported by the experimental results 
(Fig. 7), shows that this linear relationship can still 
be found when the position where the equivalence 
point is reached is even several tens of ym away 
from the actuator electrode within the diffusion 
layer. 
During the electrolysis the hydroxyl ions are 
generated continuously from the surface of the 
cathodic electrode and react with the protons, 
eventually resulting in exhaustion of the protons. 
The established electrical field causes the potas- 
sium ions to migrate towards the actuator 
(cathode) and the nitrate to the counter electrode 
(anode). As they are chemically inactive species, 
their diffusion, due to the concentration gradient 
caused by migration, are in opposite directions to 
15. 
12 
\ NO; 
12 - ------__ 10 
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____---- 
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Fig. 8. Surface ion concentrations and pH changes at the gate 
surface of an ISFET during the titration, as obtained from the 
simulation. Titration time = 3.19 s. 
their migration. Therefore, the concentrations of 
both the electroactive species and the supporting 
electrolyte near the electrode change during the 
electrolysis. The changes in the ion concentrations 
and variation of the pH at the gate surface of 
ISFET obtained from the simulation are plotted 
in Fig. 8. Compared with the registration of the 
ISFET output shown in Fig. 3, the curve of the 
pH change was found to resemble the experimen- 
tal observation. 
I 
B 0.90 - 
z ‘0 
+x +x 
‘;; 0.60 -, -60 
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Fig. 9. Ion concentration profiles when the equivalence point is 
reached. Results obtained from the simulation. Concentration 
of the supporting electrolyte = 100 mM; bulk concentration of 
nitric acid = 1 mM; titration time = 0.37 s. 
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Fig. 10. Ion concentration profiles when the equivalence point is reached. Results obtained from the simulation. Concentration of the 
supporting electrolyte = 1 mM; bulk concentration of nitric acid = 1 mM; titration time = 0.85 s. 
The simulated concentration profiles and the 
electrical potential profiles at the time t,, in an 
acid-base titration containing different concentra- 
tions of supporting electrolyte are plotted in Figs. 
9 and 10 and Fig. 11, respectively. From the 
concentration profiles it can be seen that all the 
ions participate in the mass transport and contrib- 
ute to the establishment of the electrical field. 
Because of the migration effect, the concentration 
of potassium ions near the cathodic actuator elec- 
trode increases and that of nitrate decreases (Figs. 
2.6’ 3 7o’6 
o,oot, I a loo 
0 40 60 120 160 200 
Distance from electrode (pm) 
Fig. 11. Electrical potential profile when the equivalence point 
is reached at the gate if ISFET. Results obtained from the 
simulation. Bulk concentration of nitric acid =l mM. Line 1, 
[KNO,] = 100 mM; line 2, [KNO,] = 1 mM. 
9 and 10). However, with a high concentration of 
supporting electrolyte (Fig. 9), only very small 
relative changes are observed. In the proximity of 
the electrode, the electrical potential curve (Fig. 
11) bends upwards from linearity (illustrated with 
a dashed line in Fig. 11); the higher the concentra- 
tion of the supporting electrolyte, the more the 
electrical potential will curve. This means that 
more species arrive at the electrode by diffusion in 
the vicinity of the electrode with a higher con- 
centration of the supporting electrolyte than with 
a lower concentration of the supporting electro- 
lyte, resulting in a decreased potential gradient. 
With a very low concentration of the supporting 
electrolyte the electrical potential curve is almost a 
straight line (curve 2 in Fig. 11). In this instance, 
the electrical potential gradient near the electrode 
is approximately the same as that in the bulk 
solution where only migration exists and 
dominates the mass transport. 
In conclusion, both the simulation and experi- 
ment show that, for the ISFET-based coulometric 
sensor-actuator system, with a relatively low con- 
centration of supporting electrolyte, both the dif- 
fusion and migration will contribute to the mass 
transport of the ions and should be taken into 
account. The diffusion-migration model based on 
the numerical solution of Nernst-Planck equa- 
tions as described here can be used to predict the 
dynamic behaviour of the system. 
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